Kinesins orchestrate cell division by controlling placement of chromosomes.
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Calcium ions regulate many physiological processes. Calmodulin, a highly conserved multifunctional Ca 2+ -binding protein, mediates a majority of the calciumregulated processes and functions as a key transducer of changes in cytosolic calcium (1) . Calmodulin, activated by calcium ions, interacts with functionally diverse proteins and regulates their activities and functions. Calmodulin or other calmodulin-like calcium sensors are required for structural integrity and regulation of actin-based myosin and microtubule-based dynein (2, 3) , motor proteins involved in muscle contraction, cell division and organelle transport. Kinesins, microtubule-based motor proteins, control developmental and cellular processes in eukaryotes (4) (5) (6) . The molecular basis of Ca 2+ /calmodulin regulation has been described for kinesin-like calmodulin binding protein (7) (8) (9) . KCBP, a member of the Ncd subfamily of minus-end directed kinesin motors (8) , found in all plants and in some animals (10) is required for cell division and trichome morphogenesis (11) (12) (13) . Biochemical studies showed that Ca 2+ -activated calmodulin disrupts interactions of KCBP with microtubules and, therefore, controls the motor's motility, microtubule-stimulated ATP-ase activity and microtubule bundling properties (14, 15) . The Ca 2+ -dependent regulation of KCBP is conferred by a calmodulin -binding motif at the C-terminal extension of the motor core (16, 17) . We crystallized and determined the three-dimensional structure of the KCBP motor core with the associated calmodulin regulatory motif to better understand the regulation of kinesins and the mechanism of Ca 2+ signal transduction by calmodulin. 4 
EXPERIMENTAL PROCEDURES
Materials -pET28b vector, Escherichia coli BL21(DE3) were from Novagen.
ATP was purchased from Sigma. Calmodulin-Sepharose4B was from Amersham
Biosciences. Crystallization screens were from Hampton Research. All other chemicals were of reagent grade.
Preparation and crystallization of the recombinant KCBP -The potato KCBP
cDNA fragment encoding amino acid residues from Glu884 to Glu1252 was synthesized by PCR using a cDNA template (accession number: L46702) with forward (5'-GCATGCCATGGAAGATATGAAAGGCAAG-3') and reverse (5'-GCAGAATTCATTCGTCTTGGATTTCCT-3') primers. The amplified PCR product was digested with NcoI-EcoRI and ligated into NcoI-EcoRI sites in pET28b vector. The recombinant vector was verified by sequencing and transformed into BL21 (DE3) E.coli cells for protein expression. The recombinant KCBP containing the motor core (a. a.
884-1208) with the C-terminal extension (a. a. 1209-1252) including the calmodulinbinding motif (a. a. 1221-1236) was expressed and purified using CalmodulinSepharose4B column as described (14) (15) (16) . The purified protein (in 50 mM TRIS, pH 7.5, 50 mM NaCl, 2 mM MgCl 2 , 1 mM EGTA, 1 mM ATP, 1 mM TCEP) was concentrated to 10 mg/ml and used fresh for crystallization experiments. The recombinant KCBP was crystallized at +4 o C using the sitting drop vapour diffusion method and 20% PEG3350 in 0.2M di-Sodium hydrogen phosphate, pH 9.1 as the reservoir solution. Before X-ray data collection, the crystals were transferred into a cryo-protecting solution containing 15% PEG400 in the reservoir solution and flash frozen in liquid nitrogen. Electron-density maps based on coefficients 2Fo-Fc were calculated from the phases of the initial model. The refinement was carried out using the CNS software alternating with manual rebuilding steps using QUANTA (Accelrys). The entire structure was checked and rebuilt using annealed omit maps and PROCHECK script from CCP4
package (20) . The current crystallographic model is refined to 2. for high-resolution structure determination (see Table 1 for X-ray data collection and refinement statistics). The crystal structure of KCBP shows that the motor core of this plant kinesin shares overall similarity with its animal and human analogues (21-24) (Fig. 1A) . Electron density corresponding to Mg (22) and human conventional kinesin (23) . The main differences are found in the positions and the lengths of several surface loops.
The structure of KCBP reveals the C-terminal extension of the motor core. This extension was not revealed in the structures of C-terminal kinesins (Kar3 (25), Ncd (22) ) or their mutants (26, 27) . In KCBP, the C-terminal extension includes the calmodulin binding helix, two segments with irregular but ordered structures (Fig.1A , red) and a fragment with disordered protein chain (Fig.1A , red dotted line). The first irregular segment precedes the calmodulin binding helix and connects it with the motor core; another is rich in negatively charged amino acids, (we term it the negative segment here) completes the C-terminus. An unexpected discovery is that the position of the segment preceding the calmodulin binding helix is identical to the position of the neck linker in the conventional plus end directed kinesin (23) . The striking similarity in the sequences and in the interactions holding these linkers along the motor head ( Fig.   2A ) suggests the name "neck mimic" for this segment of the C-extension.
At the tip of the motor arrowhead, the neck mimic and the true conventional kinesin neck take different paths (Fig. 1C) . The following calmodulin binding helix observed in the KCBP structure, although slightly contacting a neighbouring motor in calmodulin (14) . Evidently, bound calmodulin would interfere with loop L8 of the motor core, one of the important microtubule binding elements (28) . This interference by itself might be sufficient for detaching the motor from MTs. Additional repelling interactions between calmodulin and tubulin could also arise (Fig. 3B) and facilitate the detachment.
Conformational state of KCBP -Remarkably, the structure of KCBP reported here is the first structure of the C-terminal, minus end-directed kinesin in the ATP-like conformational state (21) (22) (23) (24) (25) (26) (27) 31) . To analyse the conformational state of the motor, the structure of KCBP has been superposed with the structures of kinesins in different structural conformations. The comparison shows that despite the ADP bound in the nucleotide binding pocket, the major nucleotide-responsive region of the motor, the switch II cluster, is in the ATP-like conformation (31) . Figure 4A shows that helices α4
and α5 of the switch II cluster moved closer to the bound nucleotide and match the positions of their counterparts in the previously determined structure of the plus enddirected kinesin KIF1A complexed with a non-hydrolyzable analogue of ATP, AMPPCP (31) . Kinesin motors in the ATP-like conformation in the absence of γ-phosphate in the nucleotide binding pocket have been reported (23, 24, 31) . In selected structures of rat kinesin (24) and human kinesin (23) (Fig. 1C, 2A ). Fig. 2A shows that KCBP residue Ile1210, which is analogous to the conserved Ile at the base of the neck linker of conventional kinesin (Ile 325 in human kinesin (23)), loads into the hydrophobic pocket, facilitating zipping interactions between the neck mimic and the motor core. Notably, all C-terminal kinesins have an extension of at least 7 amino acids C-terminal to the motor core (4) to which we can now ascribe this function. Furthermore, though not conserved, these neck mimics have one or more hydrophobic residues (Ile1210, Val1211, Pro1214 in KCBP) followed by one or more charged amino acids with extended aliphatic side chains (Lys1216 in KCBP). In some C-terminal kinesins (Ncd, KIFC2, KIFC3 (4)) the neck mimic is followed by a predicted helical region likely involved in regulation of these kinesins. In previously reported structures of C-terminal kinesins (22, (25) (26) (27) ) the neck mimic is disordered and therefore not visible though it was physically present. This is consistent with the observed ADP-bound conformation of these motors. Normally, in C-terminal kinesins the ADP-bound conformation supports the interaction between the core and the true neck and does not support interactions between the core and the neck mimic. causes the β1-strand, which would hold and direct the docked neck in the ADP structure to bend away (Fig.4C ).This reconfiguration of the base of the neck in the ATP-like state of the motor is likely the major destabilizing factor causing the neck to move away from its docked position on the core in ADP-like conformation (Fig. 4B ). In addition, the ATP-induced docking of the neck mimic would also disable specific true neck-core interactions in the ADP state. For example, the conserved interaction between Asn340
and Tyr426 at the neck-core interface of the ADP-like motor Ncd (22, 31, 34) (equivalent to Asn881 and Tyr962 in KCBP) would be disrupted. At the same time, the 11 docked neck mimic creates a number of new, repelling steric and electrostatic interactions (Fig.4C) , which would ensure pushing the already destabilized neck away from the core in the ATP-like state. The expelled neck would promote the power stroke as previously suggested (36) (Fig. 4B) . Thus, similar to ATP-induced docking of the neck linker in the plus end-directed kinesins, the ATP-triggered docking of the neck mimic appears to be the essential part of the force-generating mechanism in the minus end-directed kinesin motors. What is the role of the negative segment? Blocking of two major MT binding elements, loop L8 and loop 12, in the absence of calmodulin by the negative segment might seem to be a puzzle. Multiple sequence alignment shows that the hyper negative sequence (1242-DDEELEEIQDE-1252 in KCBP), most of which is visible in the KCBP structure (Fig. 2C) , is conserved among all plant KCBPs, and therefore, functionally important. However, MT-binding assays and MT stimulated ATPase assays with full length KCBP show that in the absence of Ca 2+ /calmodulin the negative 12 segment itself does not affect KCBP binding to MTs (8, 9, 14) . Only in the presence of calmodulin is the negative segment able to compete with the more extensive negative charged surface of the MT. Thus, we suggest that the conformation of the negative segment observed in the KCBP structure is functionally relevant and likely corresponds to the conformation of the protein in the complex with calmodulin. Besides directly blocking the motor's microtubule-binding elements (Fig. 3B) , calmodulin would help to order the negative segment and fix it as observed.
Mechanism of Ca2+-calmodulin regulation of KCBP -
Calmodulin regulates functions of numerous structurally and functionally diverse proteins. The modes of calmodulin binding vary to respond to the specific requirements of regulation and could be different between protein and peptide targets (30) . The model discussed here allowed us to explain the biochemistry of KCBP and suggests the plausible mechanism of regulation of kinesin motors by Ca 2+ /calmodulin.
However, the atomic resolution structure of the KCBP-Ca 2+ /calmodulin complex is needed to test the suggested regulatory mechanism.
Conclusion -It is an engineering marvel that the switching mechanism can be used by kinesins not only for generating motility but also in their regulation. In the case of KCBP, the nucleotide sensing switch regions coordinate functions of mechanical and regulatory domains. Zipping of the neck mimic along the motor core stabilizes the ATPlike state of the C-terminal KCBP core, simultaneously pushing its mechanical element, the neck, towards the minus end of MT, and also properly orients the regulatory calmodulin binding helix (Fig.4D) . When Ca 2+ -activated calmodulin binds to KCBP, it deactivates the motor by blocking the microtubule-binding elements on the motor core, resulting in dissociation of the complex from the microtubule. The negative regulation of KCBP by calmodulin is reinforced by the repelling electrostatic interactions between KCBP-calmodulin complex and the track due to the calmodulin-assisted attaching of the KCBP negative coil on the microtubule-binding sites of the motor. 
